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for axonal regeneration. Interestingly, the number,
length, and diameter of the vessels have been reported
to reach their maximum within 1 week after SCI, and
vessels with abnormally large lumina may represent
newly formed vessels after SCI (Casella et al., 2002). In
the present study, we showed that the introduction of
HGF into the injured spinal cord increased the total area
of RECA-1-positive endothelial cells and number of
vessels with abnormally large lumina by 1 week after
SCI, confirming that HGF also promoted angiogenesis
during the acute phase of SCI. Because HGF simultane-
ously stimulates the migration of endothelial cells and
VSMCs (Nakamura et al., 1995, 1996), blood vessels
might mature in a well-coordinated way, without the
release of inflammatory cells (Morishita et al., 2004).
Consistently with this suggestion, HGF overexpression
reduced cerebral ischemic injury, without causing cere-
bral edema, through angiogenic and neuroprotective
actions (Shimamura et al,, 2004). Taken together, our
results suggest that HGF may promote angiogenesis
without enhancing blood vessel permeability after SCI
and contribute to a reduction in the area of damage and
regeneration of the injured spinal cord.

Several researchers have reported that HGF plays a
role as an axonal chemoattractant and enhances the axonal
growth of motoneurons (Ebens et al., 1996; Wong et al.,
1997; Caton et al., 2000) and cortical neurons (Yamagata
et al., 1995). Furthermore, it has been reported that over-
expression of HGF in the chronic stage of cerebral infarc-
tion enhances neurite extension and increases the number
of synapses, leading to improvements in leamning and
memory (Shimamura et al., 2006). In the present study,
we demonstrated that HGF significantly induced the
regrowth of raphe-spinal SHT-positive fibers, which are
known to contribute to the locomotor functions after SCI
in rats (Bregman, 1987; Saruhashi et al., 1996; Kim et al.,
2004; Kaneko et al., 2006), and the fibers expressed GAP-
43 at 6 weeks after SCI. Moreover, c-Met-IR was also
detected in the SHT-positive tibers, suggesting that HGF
directly acted on these fibers as well as the neuronal bodies
to promote axonal regrwoth and recovery of locomotor
functions after SCI. On the other hand, most of the longi-
tudinal RT97-positive fibers oriented parallel to each
other (Fig. 7G) did not express GAP-43 but expressed c-
Met (Fig. 7]). Because these RT97-positive fibers were
observed more abundantly in the HGF group than in the
LacZ group at 6 weeks after SCI (Fig. 7H), it is likely that
HGF protected the axons trom degeneration.

Overall, during the acute phase of SCI, HGF
appears to exert significant neuroprotective and antia-
poptotic effects, to promote the survival of neurons and
oligodendrocytes, and also to enhance angiogenesis
around the lesion epicenter after SCI. These effects sig-
nificantly reduced the area of damage and provided a
better scaffold for axonal regeneration. Furthermore,
HGF directly acted on the 5HT-positive fibers to pro-
mote their regrowth, which likely contributed to the
significantly better recovery of the motor functions dur-
ing the chronic phase of SCI. In conclusion, we have

demonstrated that HGF exerted multiple beneficial
effects on the injured spinal cord and significantly
enhanced endogenous repair after SCI.
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In Vivo Tracing of Neural Tracts in the Intact and Injured
Spinal Cord of Marmosets by Diffusion Tensor Tractography
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In spinal cord injury, axonal disruption results in motor and sensory function impairment. The evaluation of axonal fibers is essential to
assess the severity of injury and efficacy of any treatment protocol, but conventional methods such as tracer injection in brain paren-
chyma are highly invasive and require histological evaluation, precluding clinical applications. Previous advances in magnetic resonance
imaging technology have led to the development of diffusion tensor tractography (DTT) as a potential modality to perform in-vivo tracing
of axonal fibers. The properties and clinical applications of DTT in the brain have been reported, but technical difficulties have limited
DTT studies of the spinal cord. In this study, we report the effective use of DTT to visualize both intact and surgically disrupted spinal long
tracts in adult common marmosets. To verify the feasibility of spinal cord DTT, we first performed DTT of postmortem marmosets. DTT
clearly illustrated spinal projections such as the corticospinal tract and afferent fibers in control animals, and depicted the severed long
tracts in the injured animals. Histology of the spinal cords in both control and injured groups were consistent with DTT findings, verifying
the accuracy of DTT. We also conducted DTT in live marmosets and demonstrated that DTT can be performed in live animals to reveal in
vivo nerve fiber tracing images, providing an essential tool to evaluate axonal conditions in the injured spinal cord. Taken together, these
findings demonstrate the feasibility of applying DTT to preclinical and clinical studies of spinal cord injury.

Key words: spinal cord injury; corticospinal tract; diffusion tensor tractography; magnetic resonance imaging; common marmoset;

calmodulin-dependent protein kinase II-«; pathway-specific DTT; in vivo tracing

Introduction

We established previously a reproducible spinal cord injury (SCI)
model in adult common marmosets and demonstrated that
transplantation of human neural stem/progenitor cells into the
injured spinal cord promoted functional recovery (Iwanami et
al., 2005b). An increase of axonal fibers, evaluated through his-
tological methods, was observed near the transplanted neural
stem/progenitor cells and were interpreted to be involved in the
functional improvement. Such evaluation of axonal fibers is es-
sential to assess the severity of SCI and efficacy of any treatment
protocol (Olson, 2002; Kaneko et al., 2007), but conventional
methods such as tracer injection in brain parenchyma are tech-
nically demanding and highly invasive (Ralston and Ralston,
1985; Lacroix et al., 2004). Because histological examinations are
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required to evaluate tracer studies, it has been impossible to eval-
uate axonal fibers in vivo and follow the sequential growth of
axonal fibers in the same animal. Understanding the value of such
an examination method, we therefore sought to establish a non-
invasive method to evaluate axonal fibers in vivo.

Magnetic resonance imaging (MRI) is essential for predicting
prognosis and planning the treatment of patients with SCI
(Kulkarni et al., 1987; Yamashita et al., 1990). Our previous study
using common marmosets also demonstrated that MRI could
detect pathological changes after SCI (Iwanami et al., 2005a).
However, the information provided by conventional T1- and
T2-weighted MRI of the spinal cord is essentially limited to the
differentiation of the white matter from the gray matter. Conven-
tional MRI depicts the white matter as a uniform tissue, although
it actually contains a complex array of directionally oriented
nerve fibers. Methods to visualize the pathways of the white mat-
ter in vivo have been long sought and, recently, diffusion tensor
tractography (DTT) has demonstrated this ability (Ito et al.,
2002; Masutani et al., 2003; Mori et al., 2003).

Diffusion tensor imaging (DTI) is a new imaging technique
that takes advantage of the anisotropic nature of water diffusion
in biological tissue to obtain detailed microstructural informa-
tion (Le Bihan et al., 1986; Moseley et al., 1990; Basser et al., 1994;
Beaulieu, 2002; Mori and Zhang, 2006). By analyzing and recon-
structing that data obtained by DTI, DTT can follow the orienta-
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Figure1. DTToftheintact spinal cord in a postmortem common marmoset. A, Coronal T2-weighted MRI. B, €, Full-width DTT of the spinal cord (B) and an axial section (C) superimposed on axial
T2-weighted images. The RO was placed in the lower cervical spinal cord and DTT was traced in the cranial direction. DTT tracts are color coded to indicate tract orientation: red for left-right
orientation, green for anterior—posterior orientation, and blue for superior—inferior orientation. D, E, Directionally color-coded axial FA map of the spinal cord (D) reveals that the configuration of
the white matter depicted in blue is consistent with the myelin-positive area in an axial section of the same area stained with LFB (£). (- are axialimages of the (5/6 level (B, arrow). Scale bar, 1
mm.

tion of nerve fibers to trace specific neural pathways such as the
corticospinal tract (CST) in the brain (Conturo et al., 1999; Ma-
sutani et al., 2003; Kamada et al., 2005a; Lee et al., 2005). Com-
pared with the brain, however, DTT of the spinal cord is more
difficult because of its smaller size and in vivo bulk motion
(Basser and Jones, 2002; Maier and Mamata, 2005; Kharbanda et
al., 2006). Several researchers have reported previously on suc-
cessful DTT of the human spinal cord (Holder et al., 2000; Facon
et al., 2005; Tsuchiya et al., 2005; Ducreux et al., 2006). However,
because these DTT images were not confirmed with detailed his-
tological studies, whether DTT actually reflects the anatomical
axonal fibers remains unclear. In this study, we performed DTT
of both intact and injured spinal cords in common marmosets
and confirmed the accuracy of DTT through histology.

Materials and Methods

Hemisection SCI in common marmoset. Adult female common marmo-
sets (266384 g; Clea Japan, Tokyo, Japan) were used in the present study
{n = 6). All interventions and animal care procedures were performed in
accordance with the Laboratory Animal Welfare Act, the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health), and
the Guidelines and Policies for Animal Surgery provided by the Animal
Study Committee of the Central Institute for Experimental Animals of
Keio University, and were approved by the ethics committee of Keio
University. All surgeries were performed under general anesthesia in-
duced by intramuscular injection of ketamine (50 mg/kg; Sankyo, Tokyo,
Japan) and xylazine (5 mg/kg; Bayer, Leverkusen, Germany) and main-
tained by isoflurane (Foren; Abbott, Tokyo, Japan). The animal’s pulse,
arterial oxygen saturation, and rectal temperature were monitored dur-
ing the surgical procedures. After a laminectomy at the C6 level, the dura
mater was opened longitudinally and the right side of the spinal cord was
cut at the C6 level using a surgical scalpel in the hemisection group (n =

3). The control group in this study in was a naive control without any
surgical intervention.

Magnetic resonance imaging. MRI was performed using a 7.0 tesla MRI,
PharmaScan 70/16 (BioSpin; Bruker) with a coil dedicated for small
animals. In the studies using postmortem animals (control and hemisec-
tion groups, n = 2 each), conventional T2-weighted images (T2W1s)
were first obtained, followed by intracardiac perfusion with 4% parafor-
maldehyde (PFA), pH 7.4, and diffusion tensor MRI. T2WI and diffusion
tensor MRI of the hemisected animals were conducted 2 weeks after
injury. DTI data sets were acquired with a spin-echo sequence based on
the Stejskal-Tanner diffusion preparation. Scanning parameters were as
follows: repetition time (TR), 15000 ms; echo time (TE), 40 ms; flip
angle, 90°, field of view (FOV), 55 X 55 mm; acquisition data matrix,
256 X 256; reconstructed image resolution, 0.215 mm (with zero-filling
interpolation); slice thickness, 0.85 mm; b-value, 1000 s/ mm?; motion-
probing gradient (MPG) orientations, 12 axes; number of averaging
(NA), 1. In the studies using live animals (control and hemisection
group, n = 1 each), conventional and diffusion tensor MRI were per-
formed under the general anesthesia as mentioned above. MRI scans of
the hemisected animal were conducted 2 weeks after injury. In live ani-
mals, to reduce motion artifacts from the blood flow and CSF flow,
animals were immobilized on an acrylic bed with a specially designed
head positioner and electrocardiogram (ECG) probe (SA Instruments)
for gated imaging was attached to the animal’s front thorax. DTI data sets
in live animals were acquired with an ECG-gated standard diffusion
weighted spin-echo pulse sequence based on the Stejskal-Tanner diffu-
sion preparation (Stejskal and Tanner, 1965). Scanning parameters were
as follows: TR, 3500 ms; TE, 40 ms; flip angle, 90°% FOV, 40 X 40 mm;
acquisition data matrix, 128 X 128; reconstructed image resolution,
0.31 X 0.31 mm; slice thickness, 0.94 mm; b-value, 1000 s/mm?; MPG
orientations, 12 axes; NA, 1.

Diffusion tensor analysis. Diffusion tensor and three-dimensional anal-
ysis were performed using Volume One and dTVIISR software (Kuni-
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Figure 2.

bars, Tmm.

matsu et al., 2003; Masutani et al.,, 2003). An eigenvector (el) associ-
ated with the largest eigenvalue (A1) was assumed to represent the
local fiber direction. Fiber tracking was initiated from a manually
selected region of interest (ROI) area, which is the “seed” from which
tracking lines were propagated bidirectionally according to the eigen-
vector (el) at each voxel pixel. The direction of diffusion anisotropy
was followed until tracking was terminated when it reached a voxel
with a fractional anisotropy of <0.25. To delineate the motor tracts,
the seed was placed on the area histologically known to contain
CaMKII-a-positive fibers in the upper cervical cord, which corre-
sponds to the CST (Terashima et al., 1994; Iwanami et al., 2005a). To
delineate the afferent pathways of the spinal cord, we placed the seed
at the anterolateral and posterior funiculi of the lower cervical cord,
which correspond to the spinothalamic tract and the gracile fascicu-
lus, respectively. We used the two-regions-of-interest method (Mori
et al., 2003), which consists of seed and target regions to depict the
pyramidal decussation from the medullary pyramid (seed) to the
opposite CST area in the upper cervical cord (target).

Histological analyses. In the postmortem group, spinal cord tissues
were removed after diffusion tensor MRI. In the live group, each
animal was perfused intracardially with 4% paraformaldehyde after

DTT of the hemisected spinal cord at 2 weeks after injury in a postmortem common marmoset. A, Coronal T2-
weighted MRI depicted the hemisection injury as alow-intensity area with no change inthe cord caudal to theinjury. 8, DT of the
hemisected spinal cord. The ROI was placed in the upper cervical spinal cord, and DTT was traced in the caudal direction revealing
disruption of white matter fibers on the hemisected side. The traced tracts became untraceable at the injury site, whereas tracts on
the contralateral side continued caudally. Arrows indicated the hemisection site and arrowheads indicated the point8 mm cranial
totheinjurysitein Aand B.C-J, DTT(C, 6), FAmap (D, H), LFBsstaining (, 1), and HE staining (F,J) of the spinal cord 8 mm cranial
to the injury site ((~F) and at the hemisection site (6-J). Although normal FA and anatomy of the spinal cord was confirmed
cranial to the hemisection site, there was a significant decrease in FA of the white matter fibers at the hemisection site (G, H).
Consistent with these changes in DTT (6) and color-coded FA map (H), demyelination was seen at the hemisection site (/). Scale
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diffusion tensor MRI and then the spinal cord
tissues were removed. All spinal cord speci-
mens were postfixed in 4% PFA and im-
mersed overnight in 10% sucrose followed by
30% sucrose. Frozen section blocks were pre-
pared and cut into 20- um-thick axial sections
using a cryostat. These sections were stained
with hematoxylin-eosin (HE) for general his-
tological examinations and Luxol fast blue
(LFB) for evaluation of the myelinated area.
Immunostaining with anti-CaMKII-« anti-
body (primary antibody, diluted 1:100,
mouse monoclonal; Zymed, San Francisco,
CA; secondary antibody, a biotin-labeled
goat anti-mouse 1gG for ABC and DAB stain-
ing) was performed to examine the CST.

Results

DTT of intact and injured spinal cords
in postmortem common marmosets
Based on the data from in vivo high-
resolution diffusion tensor MR images of
postmortem common marmoset spinal
cords (Fig. 1A), we created a DTT of the
cervical spinal cord that enabled us to de-
tect various fibers of the spinal cord (Fig.
1B). In a color-coded DTT of the intact
cervical spinal cord, each path traced by
DTT, which we will refer to have as a tract,
is depicted in colors according to its orien-
tation (Pajevic and Pierpaoli, 1999): red
for left-right orientation, green for anteri-
or—posterior orientation, and blue for su-
perior—inferior orientation (Fig. 1B,C).
White matter fibers with high craniocau-
dal diffusion anisotropy were visible in
blue on color-coded maps of fractional an-
isotropy (FA) (Basser and Pierpaoli,
1996), an index of anisotropy ranging
from 0 (perfectly isotropic diffusion) to 1
(a hypothetical infinite cylinder), which
had been calculated from the same data
(Fig. 1 D) and the distribution of longitu-
dinal fibers was consistent with the distri-
bution of myelinated axons stained with
LFB (Fig. 1 E). In the gray matter, horizon-
tal fibers passing from the central canal to the anterior horn of the
spinal cord were observed in red, but almost no diffusion anisot-
ropy was detected in the remaining gray matter, which is mainly
occupied by neuronal and glial cells.

In the marmosets with hemisected spinal cords, the he-
misected area of spinal cord appeared as a high-intensity area in
coronal T2WIs 2 weeks after injury (Fig. 2A). DTT of the he-
misected spinal cord revealed that the longitudinal fibers of the
white matter in the injured side were disrupted at the hemisection
site, but preserved in the intact side (Fig. 2 B). In axial DTT im-
ages and color-coded FA maps, there was a significant decrease in
FA of the longitudinal fibers of the white matter as well as the
transverse fibers of the gray matter at the hemisection site (Fig.
2G,H ), compared with the site 8 mm cranial to the hemisection
site (Fig. 2C,D). Consistent with these changes in DTT and col-
ored FA maps, histology of the hemisected area revealed disrup-
tion of both gray and white matter with severe demyelination.
(Fig. 21L]).
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Pathway-specific DTT in postmortem
common marmosets
To examine the feasibility of visualizing
individual pathways in common marmo-
sets, we analyzed the CST from the me-
dulla to the upper cervical spinal cord be-
cause the course of the CST in this region is
unique and well known. Analysis of histo-
logical sections stained for calmodulin-
dependent  protein  kinase  Il-a
(CaMKII-«) determined the location of
the CST (Terashima et al., 1994; lwanami
et al., 2005a) within the medulla, and DTT
of the CST was performed by setting the
ROI, which is a manually selected area
based on anatomical knowledge from
which DTT fiber tracking was initiated, in
the pyramid of the medulla and tracing
caudally (Fig. 3A). The course of the CST
in this area has been well documented in
the literature; the majority of fibers cross
to the contralateral side through the pyra-
midal decussation and descended the lat-
eral funiculus (lateral CST), whereas a
small group of fibers descend the ipsilat-
eral anterior (anterior CST) and lateral fu-
niculus (anterolateral CST) (Qiu et al.,
1991; Lacroix et al., 2004; Lemon et al,,
2004). A study in humans demonstrated
the composition of the CST, with the lat-
eral CST accounting for 90% of CST fibers
and the anterior CST and uncrossed lateral
CST accounting for the remaining 8 and
2%, respectively (Carpenter and Sutin,
1983). DTT was capable of tracing fibers
through all three courses and successfully
demonstrated the pyramidal decussation
of the CST (Fig. 3B-E). However the num-
ber of tracts depicted with DTT through
each course did not reflect the amount of
CST fibers traveling through each path-
way, because the number of DTT tracts de-
picted descending each pathway were sim-
ilar although a majority of CST fibers
actually travel through the lateral CST.

We focused on the pyramidal decussa-
tion of the CST and conducted histological
studies to verify the results of DTT. DTT
and histological sections from similar
points along the craniocaudal axis were
compared. The course of the CST depicted
by DTT (Fig. 3H) corresponded to the
area positive for CaMKIl-a (Fig. 3I),
which recognizes fibers of the CST, and
LFB staining of the same section (Fig. 3])
confirmed that the CST delineated by DTT
and CaMKII-a contained myelinated fi-
bers. CST-specific DTT superimposed on
MR images verified that the pyramidal de-
cussation was depicted in the proper posi-
tion (Fig. 3F,G).

With sufficient data to indicate that
CST-specific DTT is possible, we then con-

Fujiyoshi et al. @ DTT for Spinal Cord Injury in Marmosets

Figure 3.  Pathway-specific DTT in a postmortem common marmoset revealing the course of the corticospinal tract with
pyramidal decussation. 4, DTT of the CST was conducted by placing the ROl in the pyramid of the medulla and tracing caudally.
Note that the volume of traced tracts decrease as the tracing was carried caudally, because many tracts became untraceable
because of the partial volume effect. B, By placing secondary ROls in areas of the upper cervical spinal cord known to contain (ST
fibers, CST fibers that pass through both ROIs could be depicted. €, Lateral CST fibers that crossed over to and descended the
contralateral lateral funiculusin a pattern sugqesting pyramidal decussation were depicted in yellow. D, Uncrossed lateral fibers
descending theipsilateral lateral funiculus were depicted inred. £, Lateralfibers descending the ipsilateral anterior funiculus were
depicted in blue. The fact that DTT was capable of accurately depicting all three known pathways of the (STis significant. However,
itisimportant to note that the depicted DTT tracts do not accurately reflect the volume of nerve fibers, becauseitis known that the
lateral CST contains the majority of CST fibers. F, G, DTT of the pyramidal decussation superimposed on three-dimensional MR
images to macroscopically confirm that the pyramidal decussationwas depicted in the proper heightin the medulla and the upper
cervical cord, using the cerebellum as a reference point. H, DTT of the pyramidal decussation superimposed on axial color-coded FA
maps. 1, J, Axial histological slices of the same points in H stained for CaMKIl-cx to reveal the focation of (ST fibers (/) and LFB to
delineate the confiquration of the white matter (J). In each slice, the area through which the DTT ST tract passes was positive for
CaMKN-o and LFB, confirming the accuracy of DTT.
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Figured.

and dorsal column-medial lemniscus pathway (/). Scale bar, 1 mm.

ducted CST-specific DTT of hemisected spinal cords to observe
how DTT would depict an injured pathway. CST-specific DTTs
of the middle to lower cervical spinal cord were compared in
intact and hemisected postmortem common marmosets. In the
intact cervical spinal cord, DTT depicted descending CST tracts
in the bilateral lateral funiculus (Fig. 4 D). In the hemisected cer-
vical spinal cord 2 weeks after injury, FA decreased in color-
coded FA maps and no tracts were found caudal to the hemisec-
tion site on the injured side whereas the intact CST pathway was
observed descending the uninjured side (Fig. 4 B). Histology con-
firmed the disruption of the CST at the hemisection site with
robust CaMKII-« staining rostral to the hemisection (Fig. 4C)
and no CaMKII-« positive CST fibers at and caudal to the he-
misection site (Fig. 4D, E).

Using a similar technique, it is also possible to trace pathways
other than the CST. By placing the ROl in areas known to contain
afferent fibers and tracing in the caudocranial direction, the spi-
nothalamic tract in the anterolateral funiculus (Fig. 4 F) and the
medial lemniscus pathway in the posterior funiculus (Fig. 4 B)
were depicted. When the same procedure was repeated in the
hemisected group, the ascending tracts were disrupted at the he-
misection site with no tracts rostral to the lesion on the injured

Invivo (ST-and afferent pathway-specific DT of intact and injured spinal cords in postmortem common marmosets.
A, DTT of an intact CST superimposed on a color-coded FA map of the (5/6 level. B, DTT of the (ST in a hemisected spinal cord
superimposed on a color-coded FA map of the hemisected (5/6 level 2 weeks after injury revealing disruption of the (ST at the site
of injury. (-E, CaMKIl-c staining of an axial section of the hemisected spinal cord 8 mm cranial to the hemisection site (€), at the
hemisection site (D), and 8 mm caudal to the hemisection site (E). Because (aMKIi-ax is a known substance transported in the
axons of the (ST, the absence of CaMKIl-«x staining distal to the injury suggested (ST disruption, confirming the results of
CST-specific DTT. F, H, In the control group, ROl was placed at the anterolateral funiculus (F) or the posterior funiculus (), and a
DT of the afferent pathways was drawn in the caudocranial direction. 6, J, In the hemisection group, no fibers were observed at
thessite rostral to the hemisection site, demonstrating that tract-specific DTT can potentially delineate the spinothalamic tract ()
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side, whereas normal ascending tracts
were observed in the uninjured side (Fig.
4G,I).

Pathway-specific DTT of intact and
injured spinal cords in live

common marmosets

To evaluate the clinical feasibility of DTT,
we repeatedly performed in vivo pathway-
specific DTT on live animals and com-
pared the results with those obtained from
postmortem animals. Similar to the DTT
of postmortem animals, in vivo DTT of the
intact cervical CST in live animals showed
longitudinal tracts in the lateral funiculus
bilaterally (Fig. 5B), and pathway-specific
DTT of afferent fibers depicted tracts in
the anterolateral and posterior funiculus
(Figs. 5C,D). In the hemisected marmoset
2 weeks after injury, T2ZW1 MRI revealed a
low-intensity area at the hemisection site
and a high-intensity area at the same level
on the intact side (Fig. 5E), whereas DTT
showed disruption of the CST (Fig. 5F)
and ascending fibers at the lesion site (Fig.
5G,H). Pathway-specific in vivo DTT find-
ings in live animals were highly similar to
those of postmortem animals, especially in
major tract morphology. Because MRI
scans of live animals required anesthesia,
the scan duration and, therefore, scan area
were considerably limited compared with
postmortem animals; MRIs of live animals
were conducted in 1.5 h whereas 10 h scans
were performed for postmortem animals.
Overall, these findings demonstrated that
it is feasible to depict the descending and
ascending pathways of the spinal cord in
live animals using pathway-specific DTT,
and demonstrate the usefulness of DTT as
an imaging method to assess specific path-
ways in spinal cord injuries.

Discussion

Because we hope to clinically apply this procedure to human SCI
patients in the future, common marmosets were selected for this
study. As primates, they are closely related to humans in terms of
neurofunctional anatomy of the spinal cord. For example, the
CST fibers localize mainly in the dorsal funiculus in rodents,
whereas in primates they are mainly located in the lateral funic-
ulus (Qiu et al., 1991; Terashima et al., 1994; Lacroix et al., 2004;
Lemon etal., 2004; Iwanami et al., 2005a). From a practical stand-
point, common marmosets are easy to handle, breed effectively,
and are small enough to fit into the narrow MRI coil.

In our past studies of SCI in common marmosets, we have
used contusion injury models because, compared with other SCI
methods, contusion injuries more closely resemble the patholog-
ical conditions found in human SCI patients (Iwanami et al.,
2005a,b). In this study, however, we chose a hemisection model
because the disruption and regeneration of axons after a hemisec-
tion injury is easier to evaluate than a contusion injury (Leviet al.,
2002; Tuszynski et al., 2002). Because the main objective of this
study was to evaluate the usefulness of DTT in assessing axonal
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Figure5.  A-H, In vivo pathway-specific DTT of intact and injured spinal cords i live common marmosets. MRI and tract-specific DTT of the intact spinal cord (A-D) and hemisected spinal cord
2 weeks after injury (E-H). DTTs of the (ST (B, F), spinothalamic tract (€, 6), and dorsal column-medial lemniscus pathway (D, H ) were conducted in both groups, revealing tract disruption at the
hemisection site {C5/6 level) in all pathways. Although there are some limitations, pathway-specific in vivo DTT conducted in live animals yielded results similar to those observed in postmortem
animals, espedially in respect to major tract morphology.

conditions in SCI and to confirm the accuracy of DTT by com-
paring DTT images with histological findings, an injury with less
complexity and ambiguousness was desired. With the convincing
images obtained in this study, it would be interesting to examine
contusion injury models in the future.

With the ability to visualize axonal projections in three-
dimensions, DTT has tremendous potential as a tool to diagnose
and evaluate CNS disease and trauma. In fact, DTT is already
being clinically applied to visualize cerebral long tracts in cerebral
surgery (Kamada et al., 2005b; Okada et al., 2006). Although
there have been several preliminary studies of spinal cord DTI
and DTT, they have not fully explored the potential of DTI tech-
nology. One reason DTI of the spinal cord has been less studied
compared with the brain is the technical difficulty involved in
conducting imaging of the spinal cord. DTI of the spinal cord
requires high spatial resolution, is easily affected by magnetic
susceptibility, and is obscured by in vivo bulk motion brought
about by the beating of the heart, respiration, and the flow of CSF
(Basser and Jones, 2002; Maier and Mamata, 2005; Kharbanda et
al., 2006). In the present study, a 7.0 tesla MRI was used to obtain
images with high resolution and a spin echo protocol was used to
minimize magnetic susceptibility. To eliminate the effect of in
vivo bulk motion, we first conducted our study using postmor-
tem animals. Because a previous study demonstrated a degrada-
tion of diffusion anisotropy in the postmortem spinal cord (Mat-
suzawa et al., 1995; Madi et al., 2005), we performed all imaging

immediately after animals were killed. By using postmortem an-

imals it was possible to conduct scans of long duration (an aver-
age scan time of 10 h), resulting in images with high spatial
resolution.

In our study using live animals, all animals were maintained
under general anesthesia and cardiac-gated imaging was incor-
porated to minimize the effects of bulk motion. Under general
anesthesia, marmosets were immobilized on an acrylic bed with a
specially designed head positioner. Because the total scan dura-
tion was limited by anesthetic considerations, scan time (average
1.5 h) and, therefore, scan area and spatial resolution were lim-
ited compared with postmortem animal studies. However, it is of
enormous importance that DTT of a live animal was able to
visualize intact neural pathways and also the disrupted pathways
in an injured animal, because this is the only method currently
available or in development that can reveal in vivo axonal
pathways.

In this study, we focused mainly on the CST to conduct
pathway-specific DTT because it is the most important pathway
in terms of motor function and often becomes the subject of
scrutiny in studies of spinal cord injury treatment protocols.
CST-specific DTT accurately depicted the course of the CST from
the medulla to the cervical spinal cord and succeeded in imaging
the “pyramidal decussation,” which has been considered difficult
to visualize. Furthermore, CST-specific DTT of the hemisected
animal revealed the disruption of the CST at the site of injury. By
using the dTV DTT software (Kunimatsu et al., 2003; Masutani et
al., 2003), it is also possible to set the ROI at any point of interest
and to perform voxel unit fiber tracking from that position
within the threshold limit set for diffusion anisotropy. This al-
lowed us to conduct DTT of the afferent pathways in both intact
and injured spinal cords, illustrating the enormous value of this
method. This capability to visualize specific projections can be
applied to various studies of the spinal cord. For example, an
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interesting study would be a study of ascending projections and
its involvement in allodynia, using functional MRI to assess sen-
sory dysfunction (Hofstetter et al., 2005; Lilja et al., 2006).

DTT is a new technique that traces white matter fiber trajec-
tories by tracking the direction of faster diffusion, which is as-
sumed to correspond to the longitudinal axis of the tract. How-
ever it is important to keep in mind that the tracking is conducted
in units called voxels, which, in this study, is 0.215 mm in size,
considerably larger than any one individual axonal tract. There-
fore, what is actually being tracked is a group of axonal fibers with
perhaps some tissue other than the intended fibers at times in-
cluded in the same voxel (Mori and van Zijl, 2002; Mori and
Zhang, 2006). When tissues other than the targeted axonal tract
are present within the same voxel, their diffusion anisotropy in-
terferes destructively in a phenomenon referred to as partial vol-
ume effect (Alexander et al., 2001). For example, if multiple ax-
onal fiber tracts with different trajectories cross within the same
voxel, their diffusion anisotropy becomes merged and may be-
come more isotropic, losing directional information. The track-
ing procedure is often terminated because the path comes to a
voxel that has lost directional orientation (anisotropy) as a result
of this partial volume effect (Fig. 3A—E). Partial volume effect can
also result in a misleading redirection of anisotropy, leading to
incorrect fiber tracking. It is also important to understand that
the number of tracts traced by DTT does not necessarily reflect
the actual volume of white matter fiber trajectories (Fig. 3A-E).

With the convincing images obtained in this study, the possi-
bilities and the limitations of spinal cord DTT need to be further
explored. For example, the next step would be DTT of contusion
SCI models. Another significant point that needs to be studied, is
whether DTT has the sensitivity to detect regenerating axons. If
confirmed, DTT would allow tracing studies at multiple time
points in the same animal/patient, becoming an indispensable
tool to monitor and evaluate the effectiveness of any treatment
protocol for spinal cord injury. Whatever the results reveal, DTT
of the spinal cord is a powerful tool with tremendous potential if
its properties and limitations are fully understood and correctly
applied.
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In the subventricular zone of the adult mammalian forebrain,
neural stem cells (NSCs) reside and proliferate to generate young
neurons. We screened factors that promoted the proliferation of
NSCs in vitro by a recently developed proteomics technique, the
ProteinChip system. In this screen, we identified a soluble carbo-
hydrate-binding protein, Galectin-1, as a candidate. We show
herein that Galectin-1 is expressed in a subset of slowly dividing
subventricular zone astrocytes, which includes the NSCs. Based on
results from intraventricular infusion experiments and phenotypic
analyses of knockout mice, we demonstrate that Galectin-1 is an
endogenous factor that promotes the proliferation of NSCs in the
adult brain.

lectin | mobilization | stem cell niche

ecently, neural stem cells (NSCs) residing in the adult CNS

have been studied to elucidate the mechanisms of ongoing
tissue maintenance (1) and to develop strategies for regenerating
the damaged CNS (2, 3).

Two neurogenic regions have been identified in the forebrain
(FB): the subventricular zone (SVZ) of the lateral ventricle (LV)
(4-6) and the subgranular layer of the hippocampal dentate
gyrus (7-9). NSCs in these regions can generate functional
neurons in the adult brain (10-12). Clinically, soluble factors that
regulate these progenitor cells may be useful for regenerating the
damaged CNS (13). The identification of additional factors that
promote the proliferation of stem cells will contribute to NSC
biology and to the development of innovative strategies for brain
repair.

The proliferation and differentiation of various adult stem
cells are regulated by common soluble factors (14). OP9 is a cell
line that has been used to screen for factors that support
hematopoietic stem cells (HSCs) (15, 16). In the present study,
we found that OP9 conditioned medium (CM) promoted neu-
rosphere formation, by which the proliferation of NSCs can be
monitored in vitro (17). Using the ProteinChip system (18), we
identified Galectin-1 as one of the molecules responsible for this
activity.

Galectin-1 is a soluble carbohydrate-binding protein (19, 20)
that has been implicated in a variety of biological events (21, 22).
Carbohydrates on the cell surface may be involved in the
intercellular interactions of various stem cells, including NSCs
(23-25) and HSCs (26). A recent report suggested that
Galectin-1 promotes the proliferation of HSCs in vitro (27).
However, its functions in NSCs remain unknown. Here, we
report on the expression and function of Galectin-1 in the adult
mammalian brain.

Results and Discussion

Galectin-1 Was Found in OP9CM. To examine how OP9 cells affect
the proliferation of NSCs, we cultured neurosphere cells (17)

7112-7117 | PNAS | May2,2006 | vol. 103 | no.18

with or without OP9CM. At a density of one cell per well, no
neurospheres formed in cultures grown without OP9CM (Fig.
14, Ctrl; n = 800 cells) (28). In contrast, at the same culture
density, of the total cells grown with OP9CM (n = 400), 49
(12.4 * 0.54%) initiated neurosphere formation (Fig. 14, OP9).
Interestingly, the CM from OP9 cells that were passaged repeat-
edly over 6 months (inactivated OP9, IA-OP9) did not support
neurosphere formation (Fig. 14, IA-OP9; n > 800).

To identify the OP9-derived molecules that enhanced neuro-
sphere formation, we used an expression screen based on mass
spectrometry (18) to detect molecules that were more abundant
in OP9CM than in IA-OP9CM. A signal at ~14.6 kDa showed
a reproducible difference in peak height between the two CMs
(Fig. 5, which is published as supporting information on the
PNAS web site). This fraction was purified, concentrated, and
separated by SDS/PAGE, and the band was cut from the gel and
analyzed by tandem mass spectrometry (see Materials and
Methods). We obtained two amino acid sequences (VRGEVAS-
DAK and EDGTWGTEHR) that were identical to portions of
the Galectin-1 protein (n = 3), suggesting that the 14.6-kDa peak
was Galectin-1. Western blotting with a specific Ab showed that
the OP9CM contained more Galectin-1 than did the IA-OP9CM
(n = 3; P <0.01).

Adding recombinant Galectin-1 protein (10 and 100 ng/ml) to
the culture medium enhanced the formation of neurospheres
cultured at 100 cells per well (Fig. 1B; P < 0.01, ANOVA).
Galectin-1 did not mimic the full activity of the OP9CM,
suggesting that there are other factors that enhance neurosphere
formation in the OPY9CM. The neurospheres grown with
Galectin-1 (100 ng/ml) were larger (Fig. 64, which is published
as supporting information on the PNAS web site; P < 0.05),
formed more secondary neurospheres (Fig. 6B; P < 0.05), and
differentiated into neurons, astrocytes, and oligodendrocytes
(Fig. 1C). Together, these results suggest that Galectin-1 is one
of the factors in OP9CM that enhances neurosphere formation.

Expression of Galectin-1 in the Adult Mouse FB. To investigate the in
vivo function of Galectin-1, we examined its expression in the
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Fig. 1. Galectin-1enhances neurosphere formation. (A) Effects of CM on neurosphere formation. Ctrl, control. (A’) The neurospheres initiated by OP9CM could
be passaged more than five times. (B) Galectin-1 enhances neurosphere formation. Note that some neurospheres formed in the control cultures under this
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images were obtained by confocal laser microscopy. (Scale bars: A, 100 um; C, 10 um.)

mouse brain by using a Galectin-1-specific Ab (29). To confirm
the specificity and sensitivity of the staining procedures, brain
sections from a galectin-1-null mutant mouse (30) were simul-
taneously incubated with the same anti-Galectin-1 Ab, and we
observed no staining (Fig. 7, which is published as supporting
information on the PNAS web site).

In the adult mouse FB, as reported previously (31), subsets of
neurons in the cortex were Galectin-1* (Fig. 74"). In addition,
we found Galectin-1 staining signals in the SVZ (Fig. 74”) and
dentate gyrus (Fig. 84, which is published as supporting infor-
mation on the PNAS web site), the two major adult neurogenic
regions. RT-PCR analysis also showed that Galectin-1 is ex-
pressed in the SVZ (Fig. 8B). Almost all of the Galectin-1* cells
in the adult SVZ expressed glial fibrillary acidic protein (GFAP)
(Fig. 24; see Fig. 8C for the confocal image), Nestin (Fig. 8D),

Galectin-1

Fig. 2.

and S100B (Fig. 8E). Some of these Galectin-1* cells were
positive for Ki67 (Fig. 8F) (32), a nuclear marker of cellular
replication. With regard to Galectin-1 expression in GFAP* cells
outside the SVZ, we found that subsets of GFAP™ cells in the
subgranular layer and hilus were Galectin-1* (Fig. 84), whereas
most of the GFAP™* cells in the cortex and striatum were
Galectin-1~ (Fig. 8 G and H). In the SVZ, the GFAP™* astrocytes
(type B cells) have been shown to act as NSCs (33, 34), which
generate DIx* /Mash1* type C cells (35, 36) (Toida Kazunori,
personal communication) and subsequently differentiate into
PSA-NCAM™*/DIx*/Mashl~ type A cells (in which PSA-
NCAM is the polysialylated neural cell adhesion molecule) (35,
36). Among striatal neurons (Fig. 87), Mash1* type C cells, and
PSA-NCAM™ type A cells (Fig. 8/), none showed Galectin-1
immunoreactivity. Dissociated SVZ cells were stained with

B

{BrdU Stant}

{Brau Ot}

Galectin-1 is detected in SVZ astrocytes. (A) Low-magnification images of Galectin-1 (A) and GFAP (A’) double immunostaining in the coronal section

through the LV. Galectin-1 and GFAP double-positive cells are seen in the SVZ (arrows). Note there are some Galectin-1-negative cells among the GFAP+ cells
(e.g., arrowhead). (A") Merged image. CC, corpus callosum; Str, striatum; Dlc, dorsolateral corner. (B) Experimental schema for marking slowly dividing cells. (C)
Slowly dividing Galectin-1+ cell. High-magnification confocal image of a Galectin-1(green in cell soma) and BrdU (red in nucleus) double-positive cell in the SVZ.
Sections were made after 2 weeks of ora! BrdU administration followed by 10 days of wash-out. (C’ and ") 3D reconstruction images. (Scale bars: 5 um.)
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infusion. (B) Galectin-1 significantly increased the number of neurosphere-initiating cells in the SVZ. +, P < 0.05. (C) Experimental schema of BrdU infusion after
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anti-Galectin-1 and anti-GFAP Abs to determine the percent-
ages of each cell population in the SVZ. Of the total SVZ cells
counted (n = 336 from three mice), 32.7 = 6.38% (110 cells)
were Galectin-1", and 31.3 * 6.99% (105 cells) were GFAP*. Of
the GFAP™ cells, 71.4 = 1.48% were also Galectin-1*. These
results suggest that Galectin-1 is expressed in a subset of SVZ
astrocytes.

To detect the slowly dividing NSC population in the SVZ (37),
we gave BrdU to mice in their drinking water for 2 weeks and
killed the mice 10 days later (Fig. 2B); this delay allowed the
BrdU in the rapidly dividing type C cell population to be washed
out and the type A cell population to migrate to a more rostral
region, out of the SVZ (37). A subpopulation of the long-term
BrdU-retaining cells expressed Galectin-1 (Fig. 2C). Thus, we
conclude that Galectin-1is expressed in a subset of GFAP* SVZ
astrocytes that includes NSCs.

Galectin-1 Facilitates Proliferation of Neural Progenitor Cells in the
Adult FB. The in vitro functions and in vive expression pattern of
Galectin-1 led us to examine whether it promotes adult neural
progenitor proliferation in vivo. Galectin-1 protein was infused

7114 | www.pnas.org/cgi/doi/10.1073/pnas.0508793103

into the mouse LV for 7 days, and the number of neurospheres
derived from the SVZ was counted (Fig. 34); this number should
reflect the number of progenitor cell types in the SVZ, including
type B and C cells (36). As expected, significantly more neuro-
spheres were formed by SVZ cells from the Galectin-1-infused
adult brains than by SVZ cells from the control brains (Fig. 3B).
The neurospheres in these cultures retained the properties of
stem cells ir vitro, and the proportion of neurons produced from
the spheres was not significantly different (Galectin-1, 7.61 =
0.61%; control, 5.84 = 0.47%).

Next, we tested the effects of Galectin-1 on cell proliferation in
the SVZ by infusing it into the LV, followed by BrdU injections
every 2 h for 10 h (Fig. 3C). Thirty minutes after the last BrdU
injection, the mice were killed. We counted the number of BrdU™*
cells in the SVZ of the LV and found a significant increase, on
average, compared with the saline-infused control group (Fig. 3 D
and E; P < 0.01; n > 3 mice each). There was no significant
difference in the number of apoptotic cells in the SVZ between the
two groups (Fig. 9 A and B, which is published as supporting
information on the PNAS web site), suggesting that the Galectin-
1-induced increase in BrdU™ cells was caused by increased prolif-
eration rather than increased cell survival.

Sakaguchi et al.
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Table 1. Galectin-1 increases the number of SVZ astrocytes in the
adult brain

No. of cells
Treatment Type B Type C Type A
Saline 40 + 14 200 + 12 64 + 6.6
Galectin-1 66 =7.0* 280 *2.0* 6431
Galectin-1/saline relative ratio 1.7 14 1.0

Significantly increased numbers of SVZ astrocytes (type B cells) and type C
cells were observed in the Galectin-1-infused brain. Data are the average
counts from 50-um sections. *, P < 0.05.

To determine what type of cells in the SVZ proliferated in
response to the Galectin-1 infusion, we used cell-type markers
(Fig. 10, which is published as supporting information on the
PNAS web site) that allowed us to distinguish proliferating type
B (BrdU™" /Sox21*/DIx™), type C (BrdU*/Mash1*), and type A
(BrdU*/DIx*/Mash1~) cells from others (BrdU*/Sox21~) (Ta-
ble 1; see Materials and Methods for details). The Galectin-1
infusion significantly increased the number of proliferating type
B and C cells (Table 1; P < 0.05, Mann-Whitney U test).

Infusion of Galectin-1 Protein Increases the Slowly Dividing SVZ Cells.
We next examined the effect of Galectin-1 on the number of
slowly dividing cells. We gave BrdU to mice in their drinking
water during the 1-week infusion of Galectin-1 protein and killed
them 17 or 37 days after the beginning of the infusion (Fig. 3F).
There were significantly more BrdU™ cells in the SVZ of the
Galectin-1-infused brains than in that of the control brains at
both time points (Fig. 3 G and H; day 17, P = 0.01, n > 3 each;
day 37, P < 0.001, n > 3 each). These data suggest that Galectin-1

PCNA

*x K

G [Braustat]  [Brau o]

) 14

infusion increased the population of slowly dividing SVZ pro-
genitor cells.

Galectin-1 exists in either a reduced or oxidized form, and only
the reduced form possesses carbohydrate-binding activity (38).
The infusion of CS-Galectin-1, a reduced form in which all of the
cysteines responsible for its oxidation have been converted to
serine (39), significantly increased the number of slowly dividing
cells (Fig. 11, which is published as supporting information on
the PNAS web site; day 17, P < 0.001, n > 5 mice each). In
contrast, the oxidized Galectin-1 did not have a significant effect
(Fig. 11C). These results suggest that the carbohydrate-binding
capacity of the extracellularly administrated Galectin-1 is re-
quired for its effect on the number of slowly dividing cells. We
also found that CS-Galectin-1 could bind to SVZ cells, including
GFAP* astrocytes (unpublished data), suggesting that these
cells are responsive to Galectin-1.

Galectin-1-Null Mice Have Fewer Neural Progenitor Cells in the Adult
Brain. To study the function of endogenous Galectin-1 in adult
neural progenitor cells, we analyzed the phenotype of adult
galectin-1 mutant mice. First, we counted the number of cycling
cells in the SVZ by using proliferating cell nuclear antigen
(PCNA), a proliferation marker (40), and found significantly
fewer in the galectin-1-null mice than in their wild-type litter-
mates (Fig. 4 A-C; P < 0.01; n > 3 each). We also examined the
number of type C cells by counting the Mash1™* cells, of which
there were also significantly fewer in the galectin-1-null mice than
in wild-type littermates (Fig. 4 D-F; P < 0.05; n > 3 each). We
then treated the animals with BrdU for 2 weeks, followed by a
10-day wash-out period (Fig. 4G), and found that there were
significantly fewer slowly dividing cells in the SVZ of the
galectin-1-null mice than in their wild-type littermates (Fig. 4
H-J; P < 0.01; n > 3 each). Furthermore, infusion of an

Mash1

Mash1
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Fig. 4. Adult galectin-1-null mice show decreased neural progenitor cells. (A-C) Significantly fewer PCNA* cells were seen in the SVZ of galectin-1-null mice
than in wild-type littermates. **, P < 0.01; n > 3 each. (D-F) Significantly fewer Mash1+ type C cells were seen in the SVZ of galectin-1 null mice than in wild-type
littermates. *, P < 0.05; n > 3 each. (G-J) Fewer slowly dividing cells were seen in galectin-1-null mice than in wild-type mice. Slowly dividing cells in the SVZ were
visualized as described in the legend of Fig. 28. Dotted lines are drawn around the SVZ in H and /. (/) Significantly fewer long-term BrdU-retaining cells were
observed in the SVZ of galectin-1 mutant mice than in wild-type littermates. *+, P < 0.01; n > 3 each. (Scale bars: 50 um.)
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anti-Galectin-1 neutralizing Ab (29) into the LV of adult wild-
type mice significantly decreased the number of slowly dividing
cells (Fig. 12, which is published as supporting information on
the PNAS web site), a phenotype similar to that seen in
galectin-1-null mutants (Fig. 4 G-J), suggesting that the endog-
enous Galectin-1 protein in the adult SVZ plays a role in the
maintenance of neural progenitor cells. Moreover, the galectin-
I-null mutation did not affect the number of apoptotic cells in
the SVZ (Fig. 9 C and D). Together, these data suggest that
Galectin-1 is required for the normal proliferation of type B and
C cells in the adult brain.

The proliferation of adult and fetal NSCs is regulated by
distinct mechanisms (41). Radial glial cells act as NSCs in the
fetal and early postnatal brain and then may differentiate into
astrocytes, expressing GFAP at approximately postnatal day (P)
7-15 (42, 43). Interestingly, Galectin-1 is not expressed before P9
in the FB (44). The brain of galectin-1-null mice at birth is
indistinguishable from that of wild-type littermates (30, 45)
except for an aberrant topography of olfactory axons (46).
Therefore, Galectin-1 is most likely to play a role in adult NSCs
rather than in embryonic NSCs. Taken together, our results
demonstrate that Galectin-1 is expressed in slowly dividing SVZ
astrocytes, which include the NSCs (34), and plays an important
role in the proliferation of adult neural progenitor cells, includ-
ing SVZ astrocytes. Stem cells reside in an area called a niche
(47, 48), which has a characteristic cellular composition and
signal mediators. In the niche, the state of each cell [i.e., cell
cycle, apoptosis, and cell-cell or celi-extra cellular matrix
(ECM) interactions] is strictly regulated to maintain stem cell
homeostasis. Although ECM proteins are enriched in the SVZ
(24, 49, 50), the niche for NSCs, the physiological significance of
their carbohydrate structures has not been well characterized. In
general, lectins exert their biological effects by binding to certain
carbohydrate structures. Galectin-1’s carbohydrate-binding abil-
ity is required for some functions but not others (27, 39, 51, 52).
The present study suggests that the carbohydrate-binding activity
of Galectin-1 is required for its promotion of adult neural
progenitor cell proliferation. The analysis of Galectin-1 function
will help us understand the important roles of carbohydrate
molecules in stem cell biology, which may lead to the develop-
ment of innovative therapies for human diseases.

Materials and Methods

Evaluation of OP9CM Activity. To assay the CM activity (see
Supporting Materials and Methods, which is published as sup-
porting information on the PNAS web site), neurospheres,
prepared as described in ref. 53, were dissociated with trypsin
and then FACS-sorted (Supporting Materials and Methods) at
one cell per well directly into 96-well low-adhesion microtiter
plates (Costar) containing each CM in a separate well. Human
Galectin-1 was purchased from Genzyme Techne. To prepare
the neurosphere CM (NSCM), neurospheres were cultured in
the basal medium with 20 ng/ml human recombinant EGF
(PeproTech, Rocky Hill, NJ) and FGF-2 (Genzyme Techne) for
48 h. To evaluate the activity of Galectin-1, the cells were sorted
at 100 cells per well into NSCM-containing medium.

Molecular Identification of Galectin-1 in the CM. The OP9CM and
IA-OP9CM preparations were analyzed by using the Protein-
Chip system (Ciphergen Biosystems). To screen the differ-
ences in peak heights, chemical surface chips that were
positively charged, negatively charged, hydrophobic, C4, and
Zn were used in the range of 500-200,000 Da. The affinity of
the protein for each chip was monitored by using wash buffers
of several pH values. To purify the 14.6-kDa protein, 200 m!
of the OP9CM was freeze-dried, and a condensed solution was
run on a Q-100 column (General Electric). The fraction that
was eluted with 200 mM NaCl was used for SDS/PAGE. The
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14.6-kDa band was cut from the gel and used for amino acid
sequencing by tandem mass spectrometry.

Infusion into the SVZ and Adult Neurosphere Culture. Galectin-1 (2
or 14 pg), anti-Galectin-1 neutralizing Ab (rabbit IgG, 30 pug/ml,
Kirin Brewery), or control rabbit IgG (30 pg/ml, Kirin Brewery)
was dissolved in 0.9% saline with 1 mg/ml mouse serum albumin
(Sigma) and infused into the LV as described in ref. 54 by using
an osmotic pump (Alzet, Palo Alto, CA) at 0.5 pl/h for the given
number of days. Adult neurosphere cultures from the infused
brain samples were prepared as described in ref. 54.

Immunchistochemistry. Brains were perfusion-fixed with 4% para-
formaldehyde (PFA) and postfixed in the same fixative over-
night, and 50-um sections were cut on a vibratome. Differenti-
ated neurospheres grown on coverslips were immersion-fixed in
4% PFA for 15 min at room temperature. After three rinses in
PBS, the neurospheres or sections were incubated for 1 h in TNB
blocking solution ( Vector Laboratories), incubated with primary
antibodies overnight, and incubated for 60 min at room tem-
perature with biotinylated secondary antibodies (1:200) or Alexa
Fluor-conjugated secondary antibodies (1:200; Molecular
Probes), unless otherwise noted. Biotinylated antibodies were
visualized by using the Vectastain Elite ABC kit and TSA
(Vector Laboratories). Anti-Galectin-1-neutralizing Abs were
prepared as described in ref. 39. Other primary antibodies used
in this study are described in Supporting Materials and Methods.

BrdU Labeling. For short-term labeling, after the intraventricular
infusion of Galectin-1 for 7 days, mice received i.p. injections of
BrdU (120 mg/kg dissolved in 0.007% NaOH in phosphate
buffer; Sigma) every 2 h for 10 h and were killed 0.5 h after the
last injection. For long-term labeling, 1 mg/ml BrdU was given
to mice in their drinking water for 2 weeks (or 1 week in
experiments involving the infusion of Galectin-1 or Abs). Mice
were killed 10 or 30 days after the last day of infusion, and the
brains were processed for immunohistochemistry.

Quantification of Histological Results. To quantify each cell type, 20
coronal vibratome sections of the SVZ (50 um thick) were
obtained at the level of the caudate-putamen (1.0-0 mm rostral
to the bregma) from each hemisphere. The sections were stained
for three different markers with BrdU (Sox21/BrdU, DIx/BrdU,
or Mash1l/BrdU). Single confocal images were taken as 1-um
optical sections (LSM-510; Zeiss) from each vibratome section.

“The BrdU™ nuclei that were positive for each marker (Sox21,

DIx, or Mash1) were counted, and the total number of BrdU™*
cells was multiplied by the ratio of the cells of each type to
BrdU™ cells, yielding the numbers for each cell type as follows:
type B cells = total number of BrdU* [(Sox21*/BrdU™) -
(DIx*/BrdU™)], type C cells = total number of BrdU™
(Mash1*/BrdU™), and type A cells = total number of BrdU™*
[(DIx*/BrdU*) — (Mashl*/BrdU*)]. The average number of
each cell type per 50-um section throughout the LV is indicated
in each figure. Apoptotic cells were detected by using an ApoTag
kit (Intergen, Purchase, NY). We quantified the cells in the LV
contralateral to the infused side, because exposure to the
increased concentration of reagent in the LV could have an
artifactual effect.

Animals. For the adult mouse study, 8-week-old male mice were
killed by anesthetic overdose. galectin-1 knockout mice (129SJ
background) are described in ref. 30. The animals were main-
tained on a 12-h light/12-h dark cycle with unlimited access to
food and water. All experiments on live animals were performed
in accordance with Keio University guidelines and regulations.
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Statistical Analysis. Values are expressed as the mean + SE. An
unpaired ¢ test (for two groups) or ANOVA with the Bonferroni
correction (for more than three groups) was used to evaluate the
differences of the averages, unless otherwise noted.

We thank K. Sakurada, S. Kaneko, Masatake Osawa, H. Miyoshi, K.
Nakashima, T. Imai, and S. Yamanaka for critical advice; T. Nakano
(Osaka University, Japan), T. Kitamura (University of Tokyo), T. Seki
(Juntendo University, Tokyo), H. Ohba (Keio University), K. Adachi
(Keio University), O. Yamada (Keio University), and G. Panganiban
(University of Wisconsin, Madison) for experimental materials; R.
Wakatabe, Y. Fukase, Mitsujiro Osawa, Y. Morita, T. Yamashita, K.

—

Alvarez-Buylla, A. & Lim, D. A. (2004) Neuron 41, 683-686.

Okano, H. (2002) J. Neurosci. Res. 69, 698-707.

Lie, D.C,, Song, H., Colamarino, S. A., Ming, G. L. & Gage, F. H. (2004) Annu.

Rev. Pharmacol. Toxicol. 44, 399-421.

Lois, C. & Alvarez-Buylla, A. (1993) Proc. Natl. Acad. Sci. USA 90, 2074-2077.

Levison, S. W. & Goldman, J. E. (1993) Neuron 10, 201-212.

Luskin, M. B. (1993) Neuron 11, 173-189.

Altman, J. & Das, G. D. (1965) J. Comp. Neurol. 124, 319-335.

Bayer, S. A, Yackel, J. W. & Puri, P. S. (1982) Science 216, 890-892.

Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A. M., Nordborg, C.,

Peterson, D. A. & Gage, F. H. (1998) Nat. Med. 4, 1313-1317.

10. van Praag, H., Schinder, A. F., Christie, B. R., Toni, N, Palmer, T. D. & Gage,

F. H. (2002) Nature 415, 1030-1034.

Carleton, A., Petreanu, L. T., Lansford, R., Alvarez-Buylla, A. & Lledo, P. M.

(2003) Nat. Neurosci. 6, 507-518.

12. Gheusi, G., Cremer, H., McLean, H., Chazal, G., Vincent, J. D. & Lledo, P. M.
(2000) Proc. Natl. Acad. Sci. USA 97, 1823-1828.

13. Nakatomi, H., Kuriu, T., Okabe, S., Yamamoto, S., Hatano, O., Kawahara, N.,
Tamura, A, Kirino, T. & Nakafuku, M. (2002) Cell 110, 429-441.

14. Reya, T., Morrison, S. J., Clarke, M. F. & Weissman, I. L. (2001) Narure 414,
105-111.

15. Takakura, N, Kodama, H. & Nishikawa, S. (1996) J. Exp. Med. 184, 2301-2309.

16. Ueno, H., Sakita-Ishikawa, M., Morikawa, Y., Nakano, T., Kitamura, T. &
Saito, M. (2003) Nat. Immunol. 4, 457-463.

17. Reynolds, B. A. & Weiss, S. (1992) Science 255, 1707-1710.

18. Fung, E. T., Thulasiraman, V., Weinberger, S. R. & Dalmasso, E. A. (2001)
Curr. Opin. Biotechnol. 12, 65-69.

19. Teichberg, V. I, Silman, 1., Beitsch, D. D. & Resheff, G. (1975) Proc. Natl.
Acad. Sci. USA 72, 1383-1387.

20. Barondes, S. H,, Castronovo, V., Cooper, D. N., Cummings, R. D., Drickamer,
K., Feizi, T., Gitt, M. A., Hirabayashi, J., Hughes, C., Kasai, K., et al. (1994)
Cell 76, 597-598.

21. Perillo, N. L., Marcus, M. E. & Baum, L. G. (1998) J. Mol. Med. 76, 402-412.

22. Leffler, H. (2001) Results Probl. Cell Differ. 33, 57-83.

23. Capela, A. & Temple, S. (2002) Neuron 35, 865-875.

24. Mercier, F., Kitasako, J. T. & Hatton, G. 1. (2002) J. Comp. Neurol. 451,
170-~188.

25. Yanagisawa, M., Liour, S. S. & Yu, R. K. (2004) J. Neurochem. 91, 804-812.

26. Pipia, G. G. & Long, M. W. (1997) Nat. Biotechnol. 15, 1007-1011.

27. Vas, V., Fajka-Boja, R, Ion, G., Dudics, V., Monostori, E. & Uher, F. (2005)
Stem Cells 23, 279-287.

28. Tropepe, V., Sibilia, M., Ciruna, B. G., Rossant, J., Wagner, E. F. & van der
Kooy, D. (1999) Dev. Biol. 208, 166-188.

29. Horie, H., Inagaki, Y., Sohma, Y., Nozawa, R., Okawa, K., Hasegawa, M.,

Muramatsu, N., Kawano, H., Horie, M., Koyama, H., et al. (1999) J. Neurosci.

19, 99649974,

w

LR R R

11.

—

Sakaguchi et al.

Sango, S. Kuno, Y. Hayakawa, and Y. Fujita for technical assistance; M.
Ito, K. Inoue, and A. Hirayama for secretarial assistance; and S.
Sakaguchi for critical advice and continuous support. This work was
supported by grants from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan (MEXT); Core Research for Evolu-
tional Science and Technology of the Japan Society and Technology
Agency (to H. Okano); the 21st Century Centers of Excellence Program
of MEXT (to Keio University and Tokyo Medical and Dental Univer-
sity); Association pour la Recherche sur le Cancer, Lingue Nationale
Frangaise Contre le Cancer, and Association Frangaise Contre les
Myopathies (to F.P.); and the National Institutes of Health and National
Institute of Neurological Disorders and Stroke (to M. Sakaguchi).

30. Poirier, F. & Robertson, E. J. (1993) Development (Cambridge, U.K.) 119,
1229-1236.

31. Joubert, R., Kuchler, S., Zanetta, J. P., Bladier, D., Avellana-Adalid, V., Caron,
M., Doinel, C. & Vincendon, G. (1989) Dev. Neurosci. 11, 397-413.

32. Brown, D. C. & Gatter, K. C. (1990) Histopathology 17, 489-503.

33. Seri, B., Garcia-Verdugo, J. M., McEwen, B. S. & Alvarez-Buylla, A. (2001)
J. Neurosci. 21, 7153-7160.

34, Doetsch, F., Caille, I, Lim, D. A, Garcia-Verdugo, J. M. & Alvarez-Buylla, A.
(1999) Cell 97, 703-716.

35. Parras, C. M., Galli, R, Britz, O., Soares, S., Galichet, C., Battiste, ]., Johnson,
J. E., Nakafuku, M., Vescovi, A. & Guillemot, F. (2004) Embo. J. 23,
4495-4505.

36. Doetsch, F., Petreanu, L., Caille, 1., Garcia-Verdugo, J. M. & Alvarez-Buylla,
A. (2002) Neuron 36, 1021-1034.

37. Morshead, C. M., Reynolds, B. A,, Craig, C. G., McBurney, M. W., Staines,
W. A., Morassutti, D., Weiss, S. & van der Kooy, D. (1994) Neuron 13,
1071-1082.

38. Whitney, P. L., Powell, J. T. & Sanford, G. L. (1986) Biochem. J. 238, 683-689.

39. Inagaki, Y., Sohma, Y., Horie, H., Nozawa, R. & Kadoya, T. (2000) Eur.
J. Biochem. 267, 2955-2964.

40. Yu, C. C. & Filipe, M. L. (1993) Histochem. J. 25, 843-853.

41. Shi, Y., Chichung Lie, D., Taupin, P., Nakashima, K., Ray, J., Yu, R. T., Gage,
F. H. & Evans, R. M. (2004) Nature 427, 78-83.

42. Tramontin, A. D., Garcia-Verdugo, J. M., Lim, D. A. & Alvarez-Buylla, A.
(2003) Cereb. Cortex 13, 580-587.

43. Alvarez-Buylla, A., Garcia-Verdugo, J. M. & Tramontin, A. D. (2001) Nat. Rev.
Neurosci. 2, 287-293.

44. Poirier, F., Timmons, P. M., Chan, C. T., Guenet, J. L. & Rigby, P. W. (1992)
Development (Cambridge, U.K.) 115, 143-155.

45. Colnot, C., Fowlis, D., Ripoche, M. A., Bouchaert, 1. & Poirier, F. (1998) Dev.
Dyn. 211, 306-313.

46. Puche, A. C,, Poirier, F., Hair, M., Bartlett, P. F. & Key, B. (1996) Dev. Biol.
179, 274-287.

47. Schofield, R. (1978) Blood Cells 4, 7-25.

48. Spradling, A., Drummond-Barbosa, D. & Kai, T. (2001) Nature 414, 98-104.

49. Campos, L. S., Leone, D. P, Relvas, J. B., Brakebusch, C., Fassler, R., Suter,
U. & Ffrench-Constant, C. (2004) Development (Cambridge, U.K.) 131, 3433~
3444,

50. Emsley, J. G. & Hagg, T. (2003) Exp. Neurol. 183, 273-285.

51. Liu, F. T. & Rabinovich, G. A. (2005) Nat. Rev. Cancer §,29-41.

52. Wells, V. & Mallucci, L. (1991) Cell 64, 91-97.

53. Shimazaki, T., Shingo, T. & Weiss, S. (2001) J. Neurosci. 21, 7642-7653.

54. Shingo, T., Gregg, C., Enwere, E., Fujikawa, H., Hassam, R., Geary, C., Cross,
J. C. & Weiss, S. (2003) Science 299, 117-120.

PNAS | May2,2006 | vol. 103 | no.18 | 7117




© 2006 Nature Publishing Group http://www.nature.com/naturemedicine

naaure

medicine

LETTERS

Conditional ablation of Stat3 or Socs3 discloses a dual
role for reactive astrocytes after spinal cord injury

Seiji Okada!-3, Masaya Nakamura?, Hiroyuki Katoh?, Tamaki Miyao!, Takuya Shimazaki', Ken Ishii*,
Junichi Yamane'4, Akihiko Yoshimura®, Yukihide Iwamoto?, Yoshiaki Toyama* & Hideyuki Okano'-?

In the injured central nervous system (CNS), reactive astrocytes
form a glial scar and are considered to be detrimental for
axonal regeneration, but their function remains elusive. Here
we show that reactive astrocytes have a crucial role in wound
healing and functional recovery by using mice with a selective
deletion of the protein signal transducer and activator of
transcription 3 (Stat3) or the protein suppressor of cytokine
signaling 3 (Socs3) under the control of the Nes promoter-
enhancer (Nes-Stat37-, Nes-Socs3~-). Reactive astrocytes in
Nes-Stat3”- mice showed limited migration and resulted in
markedly widespread infiltration of inflammatory cells, neural
disruption and demyelination with severe motor deficits after
contusive spinal cord injury (SCI). On the contrary, we observed
rapid migration of reactive astrocytes to seclude inflammatory
cells, enhanced contraction of lesion area and notable
improvement in functional recovery in Nes-Socs3™ mice.
These results suggest that Stat3 is a key regulator of reactive
astrocytes in the healing process after SCI, providing a potential
target for intervention in the treatment of CNS injury.

Because the regenerative capability of the mammalian CNS is poor,
imited functional recovery occurs during the chronic phase of SCI. At
the subacute phase of SCI, however, gradual functional recovery is
observed to some extent in both rodents and humans (except in cases
of complete paralysis). The mechanism behind this functional recov-
ery remains unclear. Here, we investigated this issue by focusing on the
action of reactive astrocytes in a mouse model of SCI.

To interpret the process of paralysis improvement in the subacute
phase, we examined serial histological sections of contused spinal cords
and followed motor function for 6 weeks after injury in wild-type mice
and found that the area of neural cell loss gradually enlarged in a
rostral-caudal direction within a few days after SCI (acute phase) and a
portion of Hu-expressing neurons were positive for cleaved caspase-3,
indicating that the secondary injury process lasted for several days in
this model (Supplementary Fig. 1 online) during which we observed
limited functional recovery (Fig. la). Astrocytes surrounding the

lesion underwent a typical change of hypertrophy, process extension
and increased expression of intermediate filaments such as GFAP and
Nestin by 7 d after SCI (Fig. 1b), characteristic of ‘reactive astrocytes’
Notably, these astrocytes eventually migrated centripetally to the lesion
epicenter and gradually compacted the CD11b* inflammatory cells,
contracting the lesion area up until 14 d after SCI (subacute phase;
Fig. 1c,d). During this process, we observed repair of injured tissue
and gradual functional improvement, and reactive astrocytes formed a
physical barrier against inflammatory cells, commonly referred to as
glial scar. After the migration of reactive astrocytes and completion of
glial scar (reactive gliosis), functional improvement reached a plateau
around 2 weeks after injury (Fig. la,c). Although the glial scar has a
crucial part in the lack of axonal regeneration in the chronic phase of
SCI, our data strongly suggest that the emergence and migration of
reactive astrocytes have a prominent role in the repair of injured tissue
and the restoration of motor function in the subacute phase (before
completion of the glial scar).

To confirm that the compaction of the lesion results from migration
and not from proliferation of reactive astrocytes, we labeled proliferat-
ing cells with bromodeoxyuridine (BrdU). Analysis of mice that
received a single injection of BrdU at 7 d afier SCI showed that the
population of BrdU* cells was composed of reactive astrocytes and in-
flammatory cells, which were graduaily compacted to the lesion center
as time progressed (Fig. le and Supplementary Fig. 2 online). Analysis
of mice that received daily injections of BrdU showed limited astrocyte
proliferation after 7 d postinjury, suggesting that the development of re-
active gliosis is mainly brought about by cellular hypertrophy and upre-
gulation of GFAP of the astrocytes surrounding the lesion (Fig. 1,g).

To address the regulatory mechanisms behind the reactive response
of astrocytes, we investigated the role of Stat3 signaling (Figs. 2 and 3).
Stat3 is a principal mediator in a variety of biological processes”™
including cancer progression, wound healing and the movement of
various types of cells. In addition, Stat3 mediates certain aspects of
astrogliosis downstream of the action of cytokines such as interleukin
(IL)-6, leukemia inhibitory factor (LIF) and ciliary neurotrophic
factor (CNTF) after CNS injury”¥,
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In the injured spinal cord, phosphorylated Stat3 prominently
increased at 12 h after injury, which remained detectable for
2 weeks (Fig. 3a). We observed phosphorylation and nuclear trans-
location of Stat3 mainly in reactive astrocytes surrounding the lesion,
but not in distant areas for several days after injury (Fig. 1b and

_Supplementary Fig. 1). To elucidate the role of Stat3 in reactive

strocytes, we selectively disrupted the Stat3 gene under the control of
Nes gene promoter and second intronic enhancer, which are activated
in reactive astrocytes after SCI>!®, We created conditional knockout
mice (Nes-Stat3™'~) by crossing Stat3F mice!! with Nes-Cre trans-
genic mice'?, as embryonic lethality ensues in Stat3-null mice. Nes-
Stat3~"~ mice showed no apparent abnormalities in motor function
and development, although they showed signs of hyperphagia and
leptin resistance!®. To identify the cells that underwent Cre-mediated
recombination, we crossed another transgenic line!“ carrying a repor-
ter gene construct, CAG promoter-loxP-CAT-loxP-EGFP (CAG-
CAT!=PHoP_EGEP), which directs the expression of EGFP upon Cre-
mediated recombination. After SCI, we observed high Cre-mediated
expression of EGFP from reactive astrocytes surrounding the lesion,
but not from neurons or oligodendrocytes (Supplementary Figs. 3
and 4 online), indicating recombination only in reactive astrocytes in
both littermates and Nes-Stat3~ mice.

At 2 weeks after injury, Nes-Stat3~ mice showed markedly wide-
spread infiltration of CD11b* inflammatory cells and demyelination
compared to wild-type littermates (Fig. 2a). Notably, although the
development of glial scar was observed around the injury site several
days after injury in Nes-Stat37~ mice (Fig. 2a,b and Supplementary
Fig. 3), the configuration of these cells remained relatively unchanged
for the following 6 weeks owing to their limited migration, resulting in
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Figure 1 Migration of reactive astrocytes and
(~1. pm)

compaction of inflammatory cells in wild-type
mice. (a) Time course of lower limb functional
recovery after SCI (n = 10). There was gradual
recovery in the subacute phase. Data are mean +
s.e.m. (b) Phosphorylated Stat3 (green) and
morphological changes were observed in GFAP*
astrocytes (red) close to the lesion (boxed area 2)
but not in distant areas (boxed area 1) at 3, 4, 6
and 8 d after SCI. Scale bar, 500 um (upper left
panel), 100 um (lower left panel) and 50 um
(right panels). Asterisk indicates the lesion
epicenter. (c) Time course of GFAP* reactive
astrocytes and CD11b* cells. Reactive astrocytes
gradually confine the area of inflammatory cell
infiltration. Scale bar, 500 pm. (d) Quantitative
analysis of GFAP~ area (surrounded by reactive
astrocytes) and CD11b* area (n = 3 per each
time point). Data are mean =+ s.d. (e} BrdU-
labeled cells migrated toward the lesion
epicenter. Mice were injected with BrdU

(100 ng/g body weight) at 7 d after injury and
killed 4 h, 2 d, 4 d, 7 d later. Scale bar, 500 um
and 100 um. (f) The proliferating reactive
astrocytes were labeled by daily injection of BrdU
from the day of injury till killing at 7 (left), 10
(middle) and 14 d (right) after injury. GFAP, red;
BrdU, green. Scale bar, 100 um. (g) There were
no differences in the number of GFAP*BrdU*
cells from 7 to 14 d after injury (n = 3 per
group). Data are mean + s.d.
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widespread demyelination and severe motor
deficits (Fig. 2). Quantifications of GFAP~
area and CD11b* area in wild-type littermates
and Nes-Stat3™~ mice were comparable at 7 d
after injury, implying a similar degree of astrocyte loss owing to
secondary injury, but marked differences developed during the follow-
ing 7 d, suggesting that Stat3 has a large impact on the migration of
astrocytes rather than their survival after SCI (Fig. 2c). The progressive
compaction of GFAP*EGFP? cells toward the lesion center observed in
wild-type littermates did not occur in Nes-Stat3”~ mice, providing
further evidence of Stat3-dependent migration of reactive astrocytes
(Fig. 2d). Confocal imaging confirmed the emergence of reactive
astrocytes without phosphorylated Stat3 in Nes-Stat3”~ mice
(Fig. 2e), indicating that the Stat3 activation is not necessarily indis-
pensable for the appearance of reactive astrocytes or for the upregula-
tion of Gfap and Nes. These data suggest that Stat3 is a key molecule for
the migratory function of reactive astrocytes, which may be deeply
involved in tissue repair and functional recovery after SCI (Fig. 2).
To further investigate the relationship between Stat3 signaling and
function of reactive astrocytes, we analyzed SCI in Nes-Socs3~ mice!>.
Socs3 is the negative feedback molecule of Stat3 and the ‘bipolar’
relationship between Stat3 and Socs3 has been noted in several
selective deletion experiments'>!>!6, In the injured spinal cord of
Nes-Socs3™~ mice, phosphorylation of Stat3 was significantly greater
and prolonged compared to that in wild-type mice, and immunohis-
tochemistry confirmed greater expression of phosphorylated Stat3 in
reactive astrocytes (Fig. 3a—c). Notably, the rapid development of
reactive gliosis that compacted inflammatory cells in the injured spinal
cord of Nes-Socs3™~ mice was observed as early as 7 d after injury
(Fig. 3d,e). GFAP~ area and CD11b* area were significantly reduced in
Nes-Socs37~ mice at 7 d after injury, during which Nes-Socs3~~ mice
showed marked improvement of motor function compared to litter-
mates (Fig. 3f,g). The differences in the area between wild-type
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